Taurine is a l3-sulfonic amino acid that serves as a nutrient important for developing brain and retina and as an osmolyte in the medullary collecting duct. The activity of the taurine transport system is regulated by substrate supply and by the external osmolality; these two stimuli induce changes in taurine transport. Increased medium osmolality (500 mosmol) stimulates taurine uptake into MDCK cells but not LLC-PKI cells. The enhanced taurine uptake that occurs in response to hyperosmolality is localized primaril y to the basolateral surface of MOCK cells, whereas the adapti ve response to medium taurine concentration is expressed on both the apical and the basolateral surfaces of both cell lines. The response of MOCK cells to medium osmolality requires protein synthesis and RNA transcription and is expressed in the presence of microtubular toxins. When cell monolayers were loaded with taurine by incubation in hightaurine medium before increasing medium osmolality, the expected increase in taurine uptake was blunted. Similarly, increased external l3-alanin e (500 p,M) also prevented the anticipated increase in taurine accumulation in response to hypertonicity; aminoisobutyric acid and betaine (500 p,M) partially prevented the increase in taurine transport after hypertonicity, T aurine, a f3-sulfonic am ino aci d that is found in millimol ar intrac ellular concentrati ons in the kidney o f many mammali an sp eci es, is pos tulated to ha ve several ke y functions in th e kidney ; among these are th e fun cti on of a nutritional substrat e, as w ell as that of an osmolyt e (1) . T aurine is tran sported b y the ren al tubular cell b y a sodium-and chlo ride-depe ndent tran sporter, w hich ac cepts the f3-amino aci d taurine and stru ctural ana lo gs such as f3-alanine (2-5) .
Taurine is a l3-sulfonic amino acid that serves as a nutrient important for developing brain and retina and as an osmolyte in the medullary collecting duct. The activity of the taurine transport system is regulated by substrate supply and by the external osmolality; these two stimuli induce changes in taurine transport. Increased medium osmolality (500 mosmol) stimulates taurine uptake into MDCK cells but not LLC-PKI cells. The enhanced taurine uptake that occurs in response to hyperosmolality is localized primaril y to the basolateral surface of MOCK cells, whereas the adapti ve response to medium taurine concentration is expressed on both the apical and the basolateral surfaces of both cell lines. The response of MOCK cells to medium osmolality requires protein synthesis and RNA transcription and is expressed in the presence of microtubular toxins. When cell monolayers were loaded with taurine by incubation in hightaurine medium before increasing medium osmolality, the expected increase in taurine uptake was blunted. Similarly, increased external l3-alanin e (500 p,M) also prevented the anticipated increase in taurine accumulation in response to hypertonicity; aminoisobutyric acid and betaine (500 p,M) partially prevented the increase in taurine transport after hypertonicity, T aurine, a f3-sulfonic am ino aci d that is found in millimol ar intrac ellular concentrati ons in the kidney o f many mammali an sp eci es, is pos tulated to ha ve several ke y functions in th e kidney ; among these are th e fun cti on of a nutritional substrat e, as w ell as that of an osmolyt e (1) . T aurine is tran sported b y the ren al tubular cell b y a sodium-and chlo ride-depe ndent tran sporter, w hich ac cepts the f3-amino aci d taurine and stru ctural ana lo gs such as f3-alanine (2) (3) (4) (5) .
whereas L-alanine had no effect. The concentration of taurine or structurally similar analogs in the external medium might modify the response of taurine accumulation after exposure to hypertonic medium, in that taurine-replete cells behave differently than taurine-depleted cells. These studies indicate that there are at least two distinct mechanisms involved in the regulation of taurine transport: external taurine concentration and medium osmolality, with taurine concentration seeming to be the predominant stimulus. Thus, the changes in cell taurine transport depend on the physiologic stimulus as well as the cell studied, a phenomenon that might be related to the renal tubular site of origin. The kidney taurine tran sp orter serves at least tw o im po rta nt function s: 1) to reab sorb filte red taurine as a nutrient (this occurs in the proximal tubule and has been shown to be fun cti on all y immature in the neon at al rat, to be regulated by dietary taurine intake, and to be abnormal in the hypertaurininur ic mouse model) and 2) to offe r protection to medullary coll ecting du ct cell s or to MDCK (M ad in-Darby canine kidne y) cells in response to increased external os mola lity by se rv ing as an osmol yte. In add ition to sorbitol, inositol , gl ycerophosphor ylc holine, and bet aine, taurine is increased in the inner medulla of salt-loaded rat s and MDCK cells. In the first ex ample, taurine transporter activ ity changes in response to taurine supply, and in the latter, in response to external tonicity . W e have been interested in contrasting the nature of th e stim ulus as well as the cell type : th e proximal tubular cell, in which regulation of taurin e transport by substrate concentration may be most important, in comparison with the collecting duct or distal cell, in whi ch regulation by external osmolality is of greater importance to cell survival.
Taurine transport is regulat ed by the dietary intake of taurine in the rat (6) , by the extrac ellular concentration in kidney cells in culture (7) , and by medium osmolality in MD CK cells (8) . We have previousl y demon strated that taurine transport in both MDCK and LLC-PK1 cells is increased after incubation of cell monolayers in taurin e-free medium and is decreased after incubation of cells in high levels of extracellular taurine (8) . The adaptive response to medium taurine conc entration was prevent ed when protein synthesis and protein export were inhibited (9) . Inhibition of RNA transcription had no effect on the ability of the cells to respond to medium taurine conc entration (9) .
The following studies were performed to examine the interaction between medium hypertonicity and medium taurine concentration in regulation of taurine transport in cult ured renal epithelial cells. Transport studies. Uptake studies were perform ed on confluent monol ayers 10-14 d after seeding. Briefly, cells were was hed with EBSS at 3rC. Uptake was initiated by the addition of EBSS with or without sodium, pH 704, with 50 J.LM taurine (0.5 J.LCi 3H-taurine) at 37°C (10) . Uptake was terminated by the removal of upt ake solution followed by three rapid washes with cold EBSS. The uptake solution contain ed 14C _ inulin (0.1 J.LCi/mL) in addition to 3H-taurine. Luminal uptake was measured by addition of uptake solution on the upper surface of the monola yer with an equal volume of EBSS on the lower chamber. For basolateral uptake, the uptake solution was added to the lower chamber and the EBSS with or without sodium to the upper chamber. The contralateral solution was sampled for contamination with 14C-inulin as a measure of monolayer integrity as well as contamination by the extracellular space. Monolayers were considered to be intact if the inulin leakage was less than 1% (10, 11 4H406 (100:1:1) was added to each well, followed by 0.04 mL of 1.0 N FolinDiocalteau phenol reagent. After a 30-m in incubation, the OD was measured using an automated microtiter plate spectrophotomet er at a wavelength of 680. The protein concentration of the samples were determined by linear regression analysis from standards of BSA. Uptake was then expressed as pmol of taurine per mg of cell protein per min.
METHODS

Cell
Adaptive response to medium substrate concentration.
Confluent cell monolayers were exposed for 24 h to hormonally defined, serum-free medium with 0, 50, or 500 J.LM taurine. Uptake studies were performed after two 37°C washes in EBSS.
Response of cells to hypertonicity. Cell monolayers were exposed for 24 h to standard, hormon ally defined, serum-free medium with 50 J.LM taurine or with medium made hypertonic to 500 mosmol by the addition of raffinose. Monolayers were then gently washed twice in 37°C EBSS follow ed by measurement of taurine uptake in the presence and absence of sodium. MDCK monol ayers were incubated in the presence of either act 0 (0.5 J.LglmL) (9, 13), which inhibits RNA transcription; Cyclo (70 J.LM ) (9, 13), which inhibits protein synthesis; and two inhibitors of microtubul ar depolymerization , cyt 0 (10 J.LM ) (14) and Coleh (50 J.LM) (9), for 2 h before and during a 12-h incubation in either standard or hypertonic medium .
Materials. Media, penicillin/streptomycin, trypsin, and FCS were purchased from GIBCO (Grand Island, NY). Radiolabeled taurine and inulin were purchased from New England Nuclear Corp. (Boston, MA). Insulin, 'hydrocortisone, thyroxin, prostaglandin E1, EBSS, choline chloride, choline bicarbonate, and other chemicals were from Sigma Chemical Co. (St. Louis, MO) and transferrin was from Calbiochem (La Jolla, CA).
Data analysis. Data comp arisons were made by t test for
independent data and by analysis of variance with assista nce from the computer program STATVIEW 512 + (Brainpower, Inc., Calabasas, CA).
RESULTS
Effect of hypertonicity and medium taurine concentration on taurine uptake in LLC-PKI and MDCK cells. LLC-PK1
and MOCK cells were incub ated for 24 h in either standard, serum-free, hormonally defined medium or in medium to which raffinose was added to achieve a final medium osmolality of 500 mosmol. In addition, the medium taurine concentration was varied so that the concentration of taurine was either 0, 50, or 500 J.LM . Taurine uptake was measured in the presence of sodium after the 24-h incubation ( Fig. 1A and I 
B).
Taurine uptake by the apical surface of MOCK cells was unchanged after exposure to hypertonic medium when taurine was also present at 50 and 500 J.LM. Exposure of MDCK cell monolayers to hypertonic medium without taurine resulted in tive response to changes in medium taurine concentration required intact microtubular apparatus as well as a functional protein-assembly mechanism. We examined whether RNA synthesis, protein translation, and an intact cytoskeleton were necessary for expression of the response to hypertonicity. MDCK monolayers were incubated in the presence of either act D (0.5 J.LglmL) , which inhibits RNA transcription (9, 13); enhanced taurine uptake compared with control ( Fig. IB ) . Taurine accumulation by the basolateral surface of MDCK cells was increased after 24 h in hypertonic medium containing 50 J.LM taurine or no taurine (Fig. IE) . Therefore, apical taurine accumulation by MDCK cells was not increased after increased medium osmolality, except when taurine was absent from the medium. Conversely, taurine uptake by either the apical or the basolateral surface of LLC-PKI cells was not different from controls after incubation in hypertonic medium ( Fig. l A) ; the adaptive response of cell monolayers to changes in medium taurine concentration was expressed by both surfaces of LLC-PKI cells, with relatively greater transporter activity on the apical surface compared with the basolateral surface, as was previously demonstrated (11) . To summarize, taurine accumulation by either apical or basolateral surfaces of LLC-PKI cells does not appear to be regulated by hypertonic external medium, regardless of the medium taurine concentration.
Time course of the response to hypertonicity in MDCK cells. Taurine uptake by the basolateral cell surface was measured at 2, 4, 8, 12, and 24 h after incubation of MDCK cells in hypertonic medium (Fig. 2) . A significant increase in basolateral taurine accumulation was present by 4 h and was fully expressed by 12 h (Fig. 2) . Therefore, the increase in taurine accumulation was observed within the initial 4 h after changing the medium and was maintained for a period of at least 24 h.
Role of protein synthesis, RNA transcription, and microtubular fu nction on adaptation to medium hypertonicity.
Previous studies in LLC-PKI cells demonstrated that the adap- Cyclo (70 fLM), which inhibits protein synthesis (9, 13); or two inhibitors of microtubular depolymerization, cyt D (10 fLM) (14) , or CoIch (50 fLM) (9) , for 2 h before and during a 12-h incubation in either standard or hypertonic medium. Taurine accumulation by the basolateral cell surface was 95% of baseline (monolayers in isotonic medium) in the Cyclo-treated group and 103% of baseline in the act D-treated group compared with an increase in taurine uptake of 161% of baseline in the control group (Fig. 3) . Exposure to hypertonicity in the presence of cyt D and CoIch increased taurine accumulation to 319% and 330% of baseline values, respectively (Fig. 3) . To summarize, incubation in the presence of either Cyclo or act D prevented the adaptation of MDCK cells to hypertonicity, whereas incubation with cyt D or CoIch did not prevent the observed increase in basolateral taurine accumulation. Thus, expression of the adaptive response to hypertonicity requires functions of RNA transcription and protein synthesis.
The importance of medium taurine concentration before exposure to hypertonic medium. We postulate that the primary stimulus for regulation of taurine transport is an intracellular taurine pool. To examine whether taurine availability would affect the response to hypertonicity in various taurine concentrations, MDCK cell monolayers were either taurine depleted (deprived) or taurine loaded for 24 h before manipulation of medium osmolality. The increase in taurine accumulation that occurs after exposure to hypertonicity was markedly blunted if cells had been previously loaded with taurine as compared with those incubated in the absence of taurine (Fig. 4A) . In addition, taurine loading also prevented the expected increase in taurine accumulation after 24 h in the absence of medium taurine, irrespective of medium osmolality (Fig. 4B) . As expected, uptake was lower in both groups exposed to 500 fLM taurine (Fig. 4B) . because of its role as an osmolyte or as a substrate for the l3-amino acid transporter, we incubated cells with another osmolyte, betaine, and a substrate which has been shown to share the betaine transporter, GABA, in addition to a structural analog of taurine, l3-alanine, and a dissimilar compound, i-alanine. MDCK cells were incubated in the presence of standard, serum-free, hormonally defined medium containing 500 fLM taurine, GABA, betaine, t-alanine, or l3-alaninefor 24 h; then bathing medium was changed to either standard or hypertonic medium with the same added amino acid for an additional 24 h. Basolateral taurine accumulation was measured and compared with control (0 fLM taurine). The adaptive response of MDCK cells to hypertonicity was prevented by l3-alaninebut not by i-alanine (Fig. 5 ). In addition, both GABA and betaine prevented the increase in taurine accumulation after exposure to hypertonic medium, but not to the same degree as l3-alanine. One might conclude that structural similarity and transporter homology are important in the ability of taurine to down-regulate the response of MDCK cells to high external osmolality; however, the presence of other osmolytes or similar compounds also causes down-regulation of taurine DISCUSSION con tau GABA bet t -ala B-ala transport. Perhaps these compounds have an effect in the intracellular taurine pool and affect the expression of the taurine transporter in a similar fashion. These questions remain to be answered.
Effect of other osmolytes and amino acids on the ability of MDCK cells to respond to hypertonicity.
increase over the next 5 d (19) . Like taurine, betaine accumulation by MDCK cells is primarily localized to the basolateral surface (20) . Kinetic analysis reveals the presence of two distinct transport systems for betaine, a high-affinity system and a low-affinity system (20) . After exposure of MDCK cells to medium made hypertonic by the addition of NaCI, the Vmax of both the low-affinity and the high-affinity syste ms is increased (20) . The increased Vmax was noted to peak at 24 hand then to decline if betaine was present in the medium, presumably after sufficient osmolyte was accumulated within the cell (18, 20) . Uchida et al. (8, 21) reported that exposure of MDCK cells to medium made hypertonic by the addition of raffinose increases the Vma x for basolateral taurine uptake in MDCK cells, and this is accompanied by increased expression of a mRNA, which imparts taurine transporter activity when injected into Xenopus oocytes. Therefore, basolateral taurine transport and betaine transport increase when MDCK cells are exposed to a hypertonic environment. Medium taurine concentration modifies the response of MDCK cells to hypertonic medium. As previously shown by others (8) , incubation of MDCK cells in taurine-free medium further enhanced the adaptive response to hypertonicity, so that the two stimuli seemed additive. Our studies confirm their data. In addition, high medium taurine concentration in the face of hypertonicity blunts the enhanced basolateral uptake of taurine. One might speculate that in the presence of high medium taurine , adequate taurine is accumul ated in the cell without the need to increase taurine transport. One stimulus for regulation of taurine transport, at least in response to medium taurine concentration or substrate supply, is the intracellular content of taurine. Uchida et al. (8) reported that cell taurine was unchanged in MDCK cells after incubation for 48 h in either isotonic or hypertonic taurine-free medium; however, the cellular taurine content was 2-fold greater in monolayers incubated in hypertonic medium containing 50 fLM taurine compared with isotonic medium containing 50 fLM taurine. Cellular taurine content is probabl y not the only stimulus that increases taurine transport, because taurine accumulation by MDCK cells was enhanced after exposure to hypertonic medium, despite intracellular taurine levels that were comparable to control.
Medium taurine regulates taurine transport in LLC-PK1 cells by a mechanism that requires functional protein synthesis but not RNA transcription (9) . In contrast, the response of MDCK cells to hypertonic medium is prevented by act D, an inhibitor of RNA transcription, as well as cycloheximide, an inhibitor of protein synthesis. As previously noted, injection of mRNA from MDCK cells exposed to hypertonic medium into Xenopus oocytes has demonstrated increased taurine transporter activity caused by increased message. Thus, the mechanisms involved in increased taurine transport induced by changes in medium osmolality seem to be distinct from those involved in the response to changes in medium taurine concentration. RNA transcription is required for the osmolar response but not for the adaptive response to changes in substrate concentration.
Structural analogs of taurine such as f3-alanine also blunted the adaptive response to hypertonic medium. Interestingly, the presence of 500 fLM GABA, which is not known to function as Increased medium osmolality (500 mosmol) stimulates taurine uptake into MDCK cells, a canine kidney cell line that originated from the distal tubule, most likely the collecting duct. LLC-PKI cells, which are from the porcine proximal tubule, do not exhibit increased taurine accumulation after exposure to hypertonic medium. In contrast, both cell lines respond to changes in external taurine concentration with reciproc al changes in taurine accumul ation (11) . The enhanced taurine uptake that occurs in response to hyperosmolality is primaril y localized to the basolateral surface of MDCK cells, whereas the adaptive response to medium taurine concentration is expressed on both the apical and the basolateral surfaces of LLC-PKI and MDCK cell lines (8, 11) . The response of taurine transporter activity to increased external medium tonicity is dissimilar in these two cultured renal epithelial cell lines and may be related to the renal tubular site of origin; however, one must be cautious in drawing conclusions about the intact renal tubule from data in continuous cell lines.
Although methylamine s and polyols such as glycerophosphocholin e and sorbitol are the major osmolytes accumulated by the renal medulla during antidiuresis, the adaptative accumulation of these osmolytes after exposure to hypertonicity is relatively slow (days); therefore, accumulation of amino acids such as taurine may play a more important role in the acute adaptation to high medium osmolality in the renal medulla, as has been demonstrated in the cerebral cortex (15, 16) . In comparing the renal tubular handling of taurine and betaine, the accumulation of betaine is enhanced after long-term exposure of MDCK and PAP-HT25 cells (of papillary origin) to hyperosm olar medium (17, 18) . In addition, the cellular content increased by 24 h in hypertonic medium and continued to an osmolyte, blunted the response to hypertonic medium as well as reduced taurine uptake by the monola yers exposed to isotonic medium . OABA has been shown to competi tively inhibit taurine uptake and has been proposed to be a potential substrate for the f3-amino-acid transporter (2) . In addition, OABA is postulated to be transported by the betaine transporter (8) . Betaine also reduced the increase in taurine accumulation typicall y expressed after exposure to hypertoni city. The ability of betaine to alter taurine transport may be related to its known function as an osmolyte rather than as a substrate of the f3-amino acid transpor t system. There may be regulatory mechan isms that enable one osmotically active substance to affect the accumulation of another.
Indeed, the presence of one osmolyte has been shown to alter the accumulation of another (15, 22) . Renal medull ary cells incubated in high extrac ellular osmolality (700 mosmol) in the presence of 0, 0.5, and 15 mM betaine exhibit reciproc al changes in the cell sorbitol content and very small, yet significant, changes in cell OPC and inositol content (15, 22) . This was not observed when inositol concentration was varied between a and 15 mM. In addition, the intracellular concentration of betaine increases when sorbitol is decreased; similarly, the accumulation of sorbitol is increased with low betaine (15, 22) . Potential mechanisms by which the accumul ation of one osmolyte can affect the accumulation of another include changes in the transport of the substrate, alterations in the availability of substrate for synthesis, and inhibition of enzymes involved in the synthesis of the osmolyte (22) .
The accumulation of osmolyt es has been studied in LLC-PKI and MDCK cell lines. After culture in high medium NaCI, LLC-PKI cells exhibit increased intracellular myo-inositol, betaine, and OPC with no change in intracellular sorbitol. MDCK cells accumulated myo-inositol, betaine, and OPC and did not accumulate sorbit ol (18) . Therefore, the accumul ation of an amino acid or organic osmolyte may depend on intrinsic cell characteristics as well as the influence of other osmotically active agents in external medium or present within the cell.
The signal for the adaptiv e response to dietary taurine or external taurine concentration is most likely intracellular taurine concentration. The cell response seems to require intact . protein synthesis as well as a functional cytoskeletal system, presumably to allow for synthesis and export of transporters that are targeted to the membrane. This constitut es the early response to alterations in taurine supply. A less rapid mechanism has been propo sed to account for the most delayed response to dietary manipul ation seen in the rat in which new message synthesis is likely to contribute (23) . It seems likely that the mechanism by which elevated external tonicity increases taurine transport is different from that which responds to alterations in taurine supply. Addition of raffinose to the medium increases taurine transporter message expression in MDCK cells (8) . This response may be modified if intracellul ar taurine is already increased. Thu s, these two stimuli must interact. The mechanisms have yet to be elucidated ; however, evidence exists for a protein kinase C-dependent pathway in regulation of taurine transporter activity (9).
In conclusion, there are at least two distinct mechanisms involved in the regulation of taurine transport: external taurine and medium osmolality. The response to medium osmolality requires protein synthesis and RNA transcription and remains intact in the presence of microtubular toxins. The increase in taurine transport that occurs after increased external osmolality is expressed by the basolateral surface of MDCK cells but not by LLC-PKI cells. The concentration of taurine in the external medium may modify the change in taurine uptake after hypertonic medium. That is, taurine-replete cells behave differently than taurine-depleted cells. In addition, taurine supply has a more generalized effect on taurine uptake in that it induces changes in accumulation by both surfaces of LLC-PKI and MDCK cells. The adaptation that follows manipulation of taurine concentration does not seem to require RNA synthesis for expression, yet the adaptation is absent when protein synthesis or exocytosis is inhibited. Thus, the cell processes leading to changes in taurine transport at the membrane are divergent, depending on the physiologic stimulus as well as the cell studied.
